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Core–shell-like Au sub-nanometer clusters in
Er-implanted silica
Chiara Maurizio,*a Tiziana Cesca,a Giovanni Perotto,†a Boris Kalinic,a
Niccolò Michieli,a Carlo Scian,a Yves Joly,b,c Giancarlo Battaglin,d Paolo Mazzoldia
and Giovanni Matteia
The very early steps of Au metal cluster formation in Er-doped silica have been investigated by high-
energy resolution ﬂuorescence-detected X-ray absorption spectroscopy (HERFD-XAS). A combined ana-
lysis of the near-edge and extended part of the experimental spectra shows that Au cluster nucleation
starts from a few Au and O atoms covalently interconnected, likely in the presence of embryonic Au–Au
correlation. The ﬁrst Au clusters, characterized by a well deﬁned Au–Au coordination distance, form upon
400 °C inert annealing. The estimated upper limit of the Gibbs free energy for the associated hetero-
geneous nucleation is 0.06 eV per atom, suggesting that the Au nucleation is assisted by matrix defects,
most likely non-bridging oxygen atoms. The experimental results indicate that the formed subnanometer
Au clusters can be applied as eﬀective core–shell systems in which the Au atoms of the ‘core’ develop a
metallic character, whereas the Au atoms in the ‘shell’ can retain a partially covalent bond with O atoms
of the silica matrix. High structural disorder at the Au site is found upon neutral annealing at a moderate
temperature (600 °C), likely driven by the conﬁgurational disorder of the defective silica matrix. A suitable
choice of the Au concentration and annealing temperature allows tailoring of the Au cluster size in the
sub-nanometer range. The interaction of the Au cluster surface with the surrounding silica matrix is likely
responsible for the infrared luminescence previously reported on the same systems.
1. Introduction
Noble metal nanoparticles have found many technological
applications in diﬀerent fields, such as catalysis,1–3 sensing,4,5
biomedicine6 and photovoltaics.7 Because of the size depen-
dence of their peculiar optical, electronic and catalytic
properties,8–10 a strong eﬀort is currently being made to
achieve precise control of the cluster size and number density.
In a bottom-up approach, good control of the aggregate size
distribution is possible only if the whole process of cluster
nucleation and growth is deeply understood. The first steps of
cluster aggregation are very interesting not only to achieve full
control of the cluster size in the nanometer range, but also
per se in the sense that the electronic energy levels of few-atom
clusters do not exhibit a metallic character and are in principle
size dependent, resulting in interesting optical emission
properties.10,11
These considerations have motivated numerous experi-
mental investigations on metal nanocluster formation,
especially in liquid media, upon diﬀerent chemical pro-
cesses.12–14 The reported experiments monitor the metal
nucleation upon chemical reduction and aggregation, but
structural analyses generally skip the nucleation process itself,
where aggregates of size critical for the thermodynamic stabi-
lity are made of a few atoms. Metal nucleation in glass or solid
matrices in general is particularly interesting, since these com-
posite materials are prototypical systems for optoelectronic
and photovoltaic applications. They also oﬀer the advantage
that diﬀusion-induced phenomena occur on a much longer
time scale, so that they can more easily be tracked. Most of the
experiments on cluster nucleation in solids rely on the optical
properties of ions and multimers,15,16 while a detailed struc-
tural investigation is often missing.
X-ray absorption spectroscopy (XAS) performed at the metal
edge is a suitable technique to monitor metal nucleation and
the first steps of growth since it can detect both oxide phases17
and the formation of clusters,14,18 even in the sub-nanometer
range of size.19,20 In the case of monodisperse clusters, a
detailed analysis can also give an indication of the cluster
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shape.21,22 By correlating XAS with photoluminescence
spectroscopy, we have recently shown that clusters of a few Au
atoms in silica absorb energy in the visible-UV range and can
eﬃciently transfer part of it to nearby Er3+ ions, dramatically
increasing the rare earth eﬀective excitation cross-section, with
promising photonic applications.19,23 This energy transfer
process has been related to electronic surface states of mole-
cule-like clusters resonant with the corresponding Er3+ absorp-
tion level,11 indicating a critical role of the cluster–matrix
interface in this process. Nevertheless, at present experimental
results on this interesting aspect are missing.
In this work we have examined the Au cluster formation in
Er-doped silica prepared by ion implantation and followed by
suitable annealing under specific atmospheres. This matrix
has been chosen in view of its application in actual opto-
electronic devices like Er-doped fiber amplifiers. To gain
insight into the cluster–matrix interface and the very first steps
of cluster nucleation, the Au concentration has been lowered
by more than one order of magnitude with respect to our
previous work,19 and a new XAS-based technique has been
employed. In particular, the Au local concentration has been
varied over more than one order of magnitude: this approach,
coupled with diﬀerent specific annealing conditions, allowed
preparation of systems with diﬀerent and defined cluster sizes,
always in the sub-nanometer range. Advanced high-energy-
resolution fluorescence-detected X-ray absorption spectroscopy
(HERFD-XAS)24 allowed investigation of the structural modifi-
cation of the intermetallic correlation, as well as the oxidized
Au fraction. The preparation method, coupled with HERFD-
XAS, allowed us for the first time to understand the chemical
eﬀect of the annealing atmosphere on the cluster configura-
tional disorder. Our data suggest a relevant cluster–matrix
interaction (i.e., a Au–O coordination) for the smallest clusters,
which is likely responsible for electronic surface states and
infrared luminescence of Au molecule-like clusters.
2. Experimental and data analysis
The matrix used for Au implantations was pure silica (Herasil I
by Heraeus), previously doped with Er ions by ion implan-
tation (Er concentration ∼0.1 at% in a ∼70 nm thick surface
layer) and annealed in N2 at 800 °C for 1 h to activate Er lumi-
nescence.19 Au ions were sequentially implanted at three
diﬀerent energies to obtain a homogeneous concentration
depth profile, ∼70 nm thick, superimposed on the Er one. The
Au concentration into the implanted layer spanned more than
one order of magnitude, from about 1.5 at% (a total implan-
tation fluence of 7.0 × 1015 ions per cm2) to 0.07 at% (a total
implantation fluence of 3.5 × 1014 ions per cm2). After Au
implantation the samples were annealed for 1 h at a tempera-
ture in the range 300–800 °C to promote Au clustering. Both
inert (N2) and reducing (Ar + H2 (5%)) atmospheres were used
to investigate the chemical eﬀect of the atmosphere on the
cluster–matrix interaction and on the cluster growth. The total
implantation fluence was measured by Rutherford Backscatter-
ing Spectrometry. The samples are labeled to indicate the Au
fluence (with respect to the Er one, i.e. 7 × 1014 ions per cm2),
the annealing atmosphere and temperature: e.g., for the
sample Au5N620 the Au atomic concentration was about
5 times the Er one and the sample was annealed at T = 620 °C
under a nitrogen atmosphere. The labels ‘Au5as’ and similar
ones indicate the as-implanted samples.
The X-ray absorption spectroscopy experiments (both
EXAFS-Extended X-ray Absorption Fine Structure and XANES-
X-ray Absorption Near-Edge Structure) were performed at the
Au L3-edge at the ID26 beamline of the European Synchrotron
Radiation Facility (Grenoble-France); the monochromator was
equipped with a couple of Si (111) crystals. Samples were
cooled at 20 K to avoid X-ray radiation damage and to reduce
atomic thermal vibrations. X-ray absorption spectra were
recorded in fluorescence mode, using two diﬀerent experi-
mental setups. In the first one (low resolution) the Au fluo-
rescence signal was recorded by a 13-element high purity Ge
detector: the energy resolution, ≈200 eV, allowed recording of
the Au fluorescence signal superimposed on the low-energy
tail of the elastic + Compton scattering. The EXAFS spectra for
the series Au5 were all collected in this way. The second setup
is very interesting especially for advanced XANES analysis and
took advantage of a Ge multi crystal analyzer in Rowland geo-
metry to detect the Au Lα1 fluorescence signal, with an energy
resolution of ≈2 eV, i.e. narrower than the Lα1 line of the Au
emission (5.41 eV):25 in this way, the features of the absorption
spectrum close to the edge energy are strongly emphasized
(High-Energy Resolution-Fluorescence Detected XAS, HERFD-
XAS).26,27 In particular, the absorption signal from the p → d
transition, present in the case of partially oxidized Au atoms,
is well resolved. A second relevant advantage of using a high
resolution fluorescence emission setup is that the scattering
signal from the matrix is filtered out, improving the overall
quality of the collected signal. All the XANES spectra presented
and the EXAFS spectra of the series Au5 were collected in this
way. One spectrum of the series Au0.5 was also collected in
this way for a consistency check. Few spectra of the experi-
mental setup did not allow us to single-out possible edge
shifts within ≈1 eV: within this limit all the recorded edge
positions (maximum of the first derivative) were the same and
so all experimental and simulated spectra were accordingly
aligned.
The white-line of the Au L3-edge XANES spectra is related to
the electronic p → d transitions and is the signature of the
unoccupied d states,27 in our case due to the chemical inter-
action of Au atoms with O atoms of the matrix. Assuming that
the white-line area decreases linearly with the increase of the
Au metallic fraction ( fmet), we have estimated fmet by fitting the
white-line area as a linear combination of the values of the
area in the two limit conditions (undetectable Au–Au coordi-
nation, sample Au0.5as, and undetectable Au–O coordination,
sample Au0.5N800, see the following). The use of the white-
line area instead of the maximum white-line intensity allows
one to correctly consider a possible broadening eﬀect caused
by structural disorder. It should be noted that in the presence
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of very small clusters, the white-line in principle could also
depend on the hybridization of valence orbitals, which is
expected to depend on the cluster size.20 Nevertheless in our
case, the main changes in the XANES spectra are found to be
strongly correlated with the Au–O coordination rather than
with the cluster size. We will show that samples with a similar
cluster size exhibit diﬀerent white-line intensities.
XANES simulations were performed by the FDMNES code,
using the multiple scattering theory based on the muﬃn-tin
approximation on the potential shape.28 The muﬃn-tin radii
were tuned to have a 10% overlap between the diﬀerent spheri-
cal potentials. A relativistic calculation was done and the
Hedin–Lundqvist exchange potential was used. As a first step,
the XANES spectrum of a Au crystal was calculated, consider-
ing in the calculation all the atoms surrounding the absorber
within a 8 Å radius sphere. The approximation of non-excited
absorbing atoms was used, which better reproduces the experi-
mental data.21 A similar calculation with the FEFF8 code29,46
gave similar results. We have not considered the eﬀect of the
structural disorder in the XANES simulations. To simulate the
HERFD-XANES spectra, a core-hole broadening of 2 eV was
used, i.e. corresponding to the experimental energy resolution,
similar to what used by van Bokhoven and co-workers.27 More-
over, we have used a maximum value of 5 eV for the final state
energy width28 that was found to maximize the agreement
with the Au foil HERFD-XANES spectrum.
To understand how the characteristic features of the XANES
spectrum change with the size of Au clusters, we performed a
first set of simulations of very simple structures of Aun clusters
under vacuum, based on the unrelaxed fcc structure: clusters
were formed including consecutive complete atomic shells
around a central Au atom (so, we considered n = 13, 19, 43, 55,
79, 87, 141). For each cluster, the simulated absorption spec-
trum is the average of all the absorption spectra computed for
all the atoms in the cluster. The interatomic distance dAu–Au
for a n-atom cluster was scaled according to the size
equation:19
dAuAu nð Þ ¼ dAuAuð1Þ 1 AnB
 
with A = 0.128 ± 0.009, B = 0.37 ± 0.03 and dAu–Au(∞) = 2.88 Å,
the interatomic distance of the Au bulk. While structural
models of Au clusters interacting with external molecules for
example thiols do exist in the literature,30 models of Au clus-
ters embedded into solid matrices and in particular in silica
are, to our knowledge, not available. So, as a first approxi-
mation to include the eﬀect of the matrix on the X-ray absorp-
tion spectrum of a Au cluster (with radius Rcl), the cluster itself
was placed in the middle of a spherical hole (with radius Rs =
Rcl + ΔR) cut out from a SiO2 crystal, as sketched in Fig. 1. In
this way the cluster is surrounded by an empty shell of thick-
ness ΔR = Rs − Rcl and then by the matrix. An eﬀective
medium approximation was used outside a sphere of radius
Reﬀ > Rs, to partially compensate for the use of a crystal instead
of a disordered SiO2 matrix. Typical used values are 2.75 Å < Rs
< 4.00 Å, ΔR ≃ 1.7 Å, Reﬀ ≃ 7 Å. This model is actually very
simple, but it should be considered as a first step to reproduce
the main features of the XANES spectra, until the optimized
geometries of Au clusters interacting with silica will become
available.
The analysis of the experimental EXAFS spectra was per-
formed using the FEFF8-FEFFIT 2.98 package.29 Data were
fitted within the single scattering approximation in the
R-space of the Au–O and Au–Au correlations. The use of an
asymmetric interatomic distance distribution in the present
work did not improve significantly the fit quality, and so it was
not used. Using the Au–Au distance obtained by the fit, the
number n of atoms per cluster was estimated from the above
reported size equation.19 It is worth noting that although this
equation derives from Au clusters under vacuum, data avail-
able in the literature on supported or embedded Au clusters
are in agreement with it.19,31 For EXAFS data with an intrinsi-
cally limited extension in the k-range (k = photoelectron wave-
number) it is well known that the overall amplitude of the
Au–Au coordination signal (accounting for the coordination
number and metallic fraction fmet) and the Debye–Waller
factor are correlated parameters and often do not allow one to
properly estimate disorder and the oxidized fraction at the
same time.19,31 In the present case, we have estimated the
coordination number according to the cluster size and the oxi-
dized fraction using the area of the white-line, as explained
above. Only the highlighted gray part of the white-line shown
in Fig. 2(a) was considered, since the right-hand side was
found to be slightly influenced by the cluster size. In this way
Fig. 1 Sketch of the geometry used for XANES calculations: Rcl is the
Au cluster radius, Rs is the radius of the spherical void in the SiO2 matrix
and Reﬀ marks the radius beyond which a medium ﬁeld potential is used.
Au atoms marked in yellow, O atoms in red, and Si atoms in blue.
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the Debye–Waller factor for the Au–Au coordination was esti-
mated by the fitting procedure. Then, the eﬀective coordi-
nation number Neﬀ of the Au atomic shell has been fixed to
the value Neﬀ = Ncl· fmet, where Ncl is the coordination number
pertaining to a cluster whose size is determined by the Au–Au
distance through the size equation.19,32 This procedure is new
and takes advantage of the HERFD setup with respect to the
study performed in our previous paper19 and allowed us to
discuss more reliably the cluster structural disorder.
3. Results and discussion
We have recently shown that small Au clusters in silica exhibit
photoluminescence bands one of which in the spectral region
around 980 nm is thought to originate from electronic surface
states of Au clusters.11 So, to shed light on the interaction of
Au clusters with the surrounding silica matrix, we discuss here
the results of the HERFD-XAS experiment.
In Fig. 2(a) the Au L3-edge HERFD-XANES spectra of Au foil
and of a series of Er + Au co-implanted silica samples are
shown, as the representative of all the measured spectra. As
discussed in the previous section, the white-line in the
HERFD-XANES spectrum is directly related to the number
of unoccupied d-states. In all sample series its intensity
is maximum for the as-implanted sample and progressively
decreases upon annealing at increasing temperatures.
Together with the decrease of the white-line, the features
typical of the Au metallic phase become more evident. The
spectrum of Au foil recorded in fluorescence mode with a stan-
dard (low) resolution is also reported: the advantage of using
the high-resolution mode to gain information on the non-met-
allic Au fraction is evident. With respect to the HERFD-XANES
spectrum of bulk Au, the features above the absorption edge
are less visible for the considered samples, due to the small
size of the embedded Au aggregates. They are located at higher
energy, due to a size-related interatomic distance contraction
typical of nanostructures. Within the experimental accuracy,
we do not observe any significant edge shift.
The following HERFD-XANES analysis focuses first on Au
clusters under vacuum and then on Au clusters in SiO2.
In Fig. 2(b) the simulated spectra for Aun clusters under
vacuum (n = 13,…,141) are reported. As shown for the experi-
mental spectra the main features of the X-ray absorption
spectra become more evident and their position shifts towards
lower energy as the cluster size increases. The HERFD-XANES
spectrum of Au foil is compared with the corresponding simu-
lation that reproduces nicely the main features of the experi-
mental one (Fig. 2(b)). The structures in the Au foil spectrum
indicated with an asterisk in the figure mark the onset of long
range order and in our simulations become visible only for
clusters larger than 141 atoms (i.e., 1.5 nm sized clusters).
The eﬀect of the surrounding matrix has been included in
the simulations using the results of the EXAFS analysis. While
the full EXAFS analysis is reported below, here we anticipate a
few points that are relevant for the present discussion.
For the sample with the lowest Au concentration and
annealed at 800 °C (sample Au0.5N800), the EXAFS analysis
shows only the Au–Au coordination: the measured Au–Au dis-
tance is related to the formation of 13-atom clusters (about
0.7 nm size). The coordination number for the Au shell is 4.9 ±
0.5, in perfect agreement with the one predicted for 13 atom
clusters (NAu = 5). The absence of a Au–O coordination
indicates a faint interaction of Au clusters with the matrix. In
Fig. 3(a) the HERFD-XANES spectrum of the sample
Au0.5N800 is compared with two simulations for a Au13 cluster
under vacuum and in a SiO2 matrix.
33 Both simulated spectra
have features similar to the experimental one. Nevertheless,
the presence of the matrix allows one to better reproduce the
general shape of the X-ray absorption spectrum: in particular,
in the region 11 920–11 950 eV the simulated spectrum is
much more similar to the experimental one if the matrix is
included in the structural model.
In Fig. 3(b) the HERFD-XANES spectrum of the sample
Au5N600 (0.75 nm size cluster and Au–O coordination present,
according to EXAFS) is shown and compared with a simulation
based on the EXAFS results of a Au19 cluster in silica: the simu-
lation reproduces the main structures of the spectrum.
Fig. 2 (a) HERFD-XANES normalized spectra of Au implanted Er-doped
silica (Au5 series), after annealing in N2 at diﬀerent temperatures; Au foil
spectra, measured with low and high resolution, are reported for com-
parison. The region of the white-line used for evaluating the oxidized
fraction is marked in gray. (b) XANES simulation of Aun clusters under
vacuum: from bottom to top n = 13, 19, 43, 55, 79, 87, and 141 (black
lines). The simulation of Au foil is also reported (color line) and com-
pared with the corresponding experimental spectrum (markers). Aster-
isks indicate the features that can be simulated only by considering
clusters of at least 141 Au atoms.
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Considering now the as-implanted sample of the series
with the lowest Au concentration (Au0.5as), the EXAFS analysis
shows that the Au–Au coordination is below the detectable
limit and the only present signal is from the Au–O correlation,
indicating that all Au atoms in the implanted layer are oxi-
dized. The coordination number NO for the oxygen shell is
about 2 and the average Au–O distance is 2 Å. Correspondingly,
the white-line of the HERFD-XANES spectrum is the highest.
In Fig. 3(c) the HERFD-XANES spectrum of the sample Au0.5as
is compared with two simulations for (i) one Au atom sur-
rounded by two O atoms and for (ii) one extended cluster com-
bining Au–O configurations as in (i) with some Au–Au
coordination. The two selected structures can be considered as
representative of two distinct configurations pertaining to the
early steps of Au nucleation and growth in silica: with respect
to configuration (i), configuration (ii) represents the onset of
the Au–Au metal–metal coordination which will be dominating
upon annealing at high temperatures. In both cases a SiO2
matrix surrounds the cluster and the Au–matrix distance is
longer than 3 Å. Even if the structures (i) and (ii) are too
simple to be expected to correctly reproduce the details of
experimental data, a few points can still be suggested by this
basic approach. For the structure (i) the agreement with the
experimental spectrum is modest and does not improve if the
O– cAu–O angle is changed (tested in the 60–128° range). The
white-line of the simulation is too intense compared to the
experimental data, suggesting a higher average electronic d-
occupancy of Au atoms in the sample compared to the simu-
lated structure. A better (although not full) agreement is
obtained if an extended structure of interconnected Au and O
atoms is considered with embryos of Au–Au coordination (ii),
for example the one in Fig. 3(c). This and the simulations per-
formed on other similar configurations may suggest that even
when the majority of Au atoms are oxidized (only the Au–O
coordination is detected by EXAFS in the Au0.5as sample), the
Au atoms participate into partially metallic aggregates of 2–4
Au atoms, strongly connected with the matrix via Au–O coordi-
nations. A variety of these structures is likely to occur, resulting
in strong configurational disorder and in an experimentally
undetectable Au–Au coordination, spread over a wide range of
Au–Au distances and characterized by a low coordination
number. Therefore, these simulations seem to indicate that
the main structural units are composed of Au atoms co-
ordinated to O atoms, in the presence of some Au–Au coordi-
nation. This picture produces better results with respect to the
one in which the single structural units (oxidized Au atoms)
are completely separated from each other (Fig. 2(b)). In this
framework, clusters in the Au5N600 sample (Fig. 3(b)) can be
sketched as formed of a core of metal atoms surrounded by a
shell of Au atoms covalently connected with the matrix
through O atoms. Correspondingly, the HERFD-XANES spec-
trum of Au5N600 is very similar to a linear combination of the
spectra of Au05N800 (weight 0.73) and Au05as (weight 0.27)
samples.
Overall, the HERFD-XANES analysis suggests that a Au
cluster can be sketched as an eﬀective core–shell system in
which the Au atoms in the ‘core’ develop a metallic character
(i.e., Au metallic fraction in our measurements), whereas the
Au atoms in the ‘shell’ can retain a partially covalent bond
with O atoms of the matrix. As the cluster grows the ‘core’
metallic Au atoms dominate over the ‘shell’ ones in the XAS
signal. This core–shell-like picture is consistent with the
model of thiol-capped Aun clusters.
30
The following full XAS analysis allows one to study how Au
cluster nucleation and the first steps of cluster growth are
influenced by the surrounding silica matrix.
Some representative HERFD-EXAFS spectra are reported in
Fig. 4(a), where they are compared with the spectrum of Au foil
measured in transmission mode at the same temperature. The
analysis showed only the presence of a Au–Au and Au–O
coordination, while no Au–Er or Au–Si coordinations are
detected. Fits are reported in Fig. 4(b–d). In particular, from
Fig. 4(b and c), the two Au–O and Au–Au coordinations are
visible, while no significant signal from coordination shells
Fig. 3 (a) HERFD-XANES experimental spectrum (markers) of low-dose
Au implanted Er-doped silica after 800 °C annealing (sample
Au0.5N800), compared with the simulated spectra of a 13-atom cluster
in SiO2 and under vacuum. (b) HERFD-XANES experimental spectrum
(markers) of the sample Au5N600, compared with the simulated spec-
trum of a 19-atom cluster in SiO2, and with a linear combination of
experimental spectra in (a) and (c). (c) HERFD-XANES experimental spec-
trum of low-ﬂuence Au implanted Er-doped silica (sample Au0.5as),
compared with two spectra calculated from the sketched structures
(red: O atoms, blue: Si atoms, yellow: Au atoms).
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beyond the first one is present. For all the investigated sample
series, the Au–O coordination upon annealing at T > 600 °C is
too small to be quantitatively analyzed. The Au–Au distance is
in all cases significantly shorter than in the bulk, indicating a
small size of the aggregates. In Fig. 4(e) the EXAFS signals, fil-
tered in the range pertaining to the intermetallic coordination,
are shown for the samples Au0.5as and Au0.5N400. The com-
parison with the same signal for Au foil clearly shows that the
Au–Au correlation is undetectable in the as-implanted sample
and is present upon 400 °C annealing. The results of the XAS
analysis are reported in Table 1 (Au–O coordination) and in
Fig. 5(a–c) (Au–Au coordination).
Data in Table 1 indicate a relevant interaction of Au clusters
with O atoms in the matrix. In principle the Au–O coordi-
nation could be pertaining to a fraction of Au ions dispersed
into the matrix and oxidized. Nevertheless, if this would be the
case, the eﬀective coordination number of this O shell would
be about 3–4 for at least two cases, to be compared with the
coordination number of ≈2 experimentally found for other
noble metal ions, such as Ag, introduced in solid glass
matrices.17 Considering also that the Gibbs free energy for Au-
oxide formation is the highest among those of transition metal
oxides, a O coordination at the cluster surface seems to be
Fig. 4 (a) HERFD-EXAFS spectra (series Au5) and (b, c) Fourier trans-
form moduli and relative ﬁts of the Au implanted Er-doped silica
samples annealed under a neutral atmosphere: series Au5 (b), and series
Au0.5 (c). The corresponding signals for Au foil are also reported.
Numbers mark the annealing temperature in °C. (d) Fourier ﬁltered
signal for the Au0.5N600 sample, superimposed on the corresponding
best ﬁt curve. Au–O and Au–Au correlations are shown. (e) EXAFS
signals after processing by Fourier ﬁltering in the range R = 2.2–3.2 Å of
the samples Au0.5as and Au0.5N400, compared to the corresponding
spectrum from Au foil: the Au–Au coordination signal, visible upon
400 °C annealing, is not present in the as-implanted sample.
Table 1 Results of the EXAFS analysis for the Au–O coordination; NO is
the coordination number, dAu–O is the interatomic distance; the Debye–
Waller factor of the Au–O coordination is σ2 = (5 ± 1) × 10−3 Å2. Data on
Au–Au coordination are collected in Fig. 5
Sample NO dAu–O (Å)
Au0.5 as 1.9 ± 0.4 2.00 ± 0.02
Au0.5 N400 1.6 ± 0.4 1.93 ± 0.02
Au0.5 N600 0.7 ± 0.3 2.07 ± 0.02
Au0.5 N800 — —
Au0.5 H100 1.9 ± 0.4 1.94 ± 0.02
Au0.5 H400 0.8 ± 0.3 1.99 ± 0.03
Au0.5 H600 0.7 ± 0.2 2.09 ± 0.03
Au0.5 H800 — —
Au5 as 1.6 ± 0.4 2.00 ± 0.02
Au5 N435 1.3 ± 0.3 1.99 ± 0.02
Au5 N620 0.4 ± 0.2 1.99 ± 0.02
Au5 N720 — —
Au5 N800 — —
Au2O3 4 1.93–2.07
Fig. 5 HERFD-XAS results for Au clusters as a function of annealing
temperature. (a) Metallic fraction, (b) average number of atoms per
cluster (left vertical axis) and Au–Au interatomic distance (right hand
vertical axis), (c) Debye–Waller factor of the Au–Au correlation in the
diﬀerent Er + Au-implanted silica slides.
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more reasonable, further supporting the picture of core–shell-
like clusters. The Au–O coordination distance varies in a non-
monotonic way (Table 1) with the annealing temperature. It
has to be observed that, for very small clusters as those con-
sidered here, practically all atoms are at the cluster surface, so
that in the eﬀective core–shell picture of the cluster discussed
above, the ‘shell’ part is dominating. To this respect, density
functional theory (DFT) calculations for Au atoms and dimers
trapped on various defect sites of amorphous silica found that
the Au–O equilibrium distance depends on the defect type,
varying a few % around a value of about 2.05 Å.16 In particular,
DFT calculations estimate a Au–O distance of 2.02–2.04 Å for
Au and Au2 onto non-bridging oxygen defects of a flat silica
surface.16 Similar DFT calculations for one O atom on specific
Au crystallographic surfaces showed a Au–O equilibrium dis-
tance that depends on the local structure of the Au surface and
is in the same range.34–36 The variety and the range of Au–O
distances found in our case suggest a similar scenario, where
Au atoms at the cluster surface contribute to the Au–O corre-
lation. This system has some analogy to Au–thiolate clusters,
for which EXAFS analyses at the Au-edge evidenced a Au–Au
correlation (Au atoms in the core) and a Au–S correlation
(Au atoms in the shell).18,37,38 In general the coordination
number for the S shell varies from less than 1 to 2 and the
Au–S coordination can involve up to two external shells of Au
atoms in the cluster.37,38 In our case the average results
support a similar picture, with Au atoms at the surface coordi-
nating a few (≤2) O atoms. Some experiments on Au–thiolate
clusters evidenced the formation of icosahedral struc-
tures.18,37,38 Their possible formation in our case, if any, is
likely hindered by the co-presence of a variety of other
diﬀerent structures.
The XAS structural results allow estimation of the energy
barrier for the Au metal nucleation in Er-implanted silica. Con-
sidering the Au0.5 sample series, i.e. the one with the lowest
investigated Au concentration, as previously noted, the nuclea-
tion of Au into metal clusters, undetected in the as-implanted
sample, first occurred upon inert annealing at 400 °C (sample
Au0.5N400, Fig. 4(e)), with a measured Au–Au distance of 2.60
± 0.02 Å, to be compared with the average one calculated for
Au dimers and trimers of 2.54 Å and 2.57 Å, respectively19 and
with the bulk value of 2.88 Å. The measured Au–Au distance
corresponds to the formation of a cluster of 2–4 atoms, i.e., the
cluster whose size is the critical one.19 Considering that the
nucleation energy barrier has been overcome by 400 °C anneal-
ing, we can approximately estimate that the maximum Gibbs
free energy for the heterogeneous nucleation of Au in
Er-doped silica is kBT ≈ 0.06 eV per atom. As previously noted,
this should be considered as the energy barrier to move from
an oxidized phase, in which Au atoms with embryonic Au–Au
correlation are strongly connected to the matrix, towards clus-
ters characterized by a well-defined Au–Au coordination dis-
tance. The energy barrier for this heterogeneous nucleation is,
as expected, much lower than the corresponding one for the
homogeneous nucleation (≈2 eV per atom39): this occurs
because Au nucleation in the implanted silica is a pheno-
menon assisted by defects (e.g., non-bridging oxygens, E′
centers) that act as nucleation centers for the metallic phase.40
For this reason, the nucleation energy barrier is also expected
to depend on the Au fluence (i.e., on the defect density) and
maybe slightly on the presence of Er ions embedded in the
same matrix. Nevertheless, some measurements performed on
Au clusters prepared under similar conditions into pure silica
suggest that the nucleation energy barrier is of the same order.
Moreover, as previously noted, the HERFD-XAS analysis did
not detect any Au–Si coordination, suggesting a preferential
interaction of Au with non-bridging oxygens rather than E′
centers.
After nucleation, clusters grow up to 1.1 nm (55 atoms,
Au10N800, the highest investigated Au concentration), as
shown in Fig. 5(b). Their average size is easily tuned by varying
the implantation fluence and the annealing temperature. The
marked growth observed at higher Au concentration depends
on both the relatively high Au concentration and on the higher
damage level of the matrix, related to the ‘high’ implantation
fluence: indeed, it is known that dopant diﬀusion during
implantation is enhanced by irradiation.40 As expected, the
Debye–Waller (DW) factor of the Au–Au coordination for all
the samples is significantly larger than the value for the bulk
phase (σ2 = 23 × 10−4 Å2) or for supported 2 nm clusters (σ2 =
40 × 10−4 Å2)41 measured at the same temperature. Regarding
the chemical eﬀect of the annealing atmosphere, it is interest-
ing to note that contrary to what happens at higher Au flu-
ences (≈1.5 at%),19 in the case of the lowest investigated Au
concentration, the cluster size and the metallic fraction are not
considerably aﬀected by the annealing atmosphere (see Fig. 5
(a and b)). Indeed, while at high Au fluence the Au aggregation
depends both on the Au diﬀusion and on the chemical inter-
action of the dispersed metal with the oxygen atoms in the
matrix,19 at low Au fluence (samples Au0.5) the dominant par-
ameter driving clustering is the very low Au concentration
(≈0.07 at%) that limits the cluster growth. Nevertheless, the
annealing atmosphere can influence the cluster structure
through a chemical interaction of the Au atoms at the cluster
surface with O atoms from the matrix. This is more evident on
the samples doped with the lowest Au concentration (≈0.07%,
Au0.5 series), for which essentially all Au atoms forming clus-
ters are at the cluster surface. So, the following discussion
focuses on these samples.
We observe that after 600 °C annealing the Au–Au DW
factor is much higher for annealing under a neutral atmos-
phere than under a reducing one (see Fig. 5(c)), despite the
average cluster size and the metallic fraction being the same
(Fig. 5(a and b)). Since all the spectra are measured at the
same temperature (20 K), a higher DW factor indicates higher
structural disorder. In this case the high DW observed for the
Au0.5N600 sample is most likely related to high configura-
tional disorder of Au clusters.42 It is worth observing that also
at higher Au concentration (series Au5) 600 °C-neutral anneal-
ing seems to maximize the structural disorder (Fig. 5(c)). In
this range of temperatures the silica matrix starts to recover
from radiation damage43 with strong structural rearrange-
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ments that can induce the temporary formation of a variety of
cluster configurations. In particular, upon annealing in H2 : Ar,
H atoms from the atmosphere favor damage recovery of the
matrix through the passivation of Si dangling bonds.40,44 In
this way the most stable Au cluster configuration is favored,
resulting in relatively low structural disorder of Au sites. In
contrast, at 600 °C nitrogen permeation and diﬀusion in the
matrix is expected to be poor, as demonstrated for oxygen.40 It
is reasonable to think that higher configurational disorder of
the matrix imposes structural constraints to the Au clusters,
leading to the formation of a variety of metastable cluster
structural configurations. At higher annealing temperature
clusters grow and only the most stable configurations survive.
Overall the results indicate that despite the ‘noble’ charac-
ter of Au atoms, their interaction with the implanted silica
matrix is evident. In the as-implanted case, the Au–O inter-
action, if coupled to a low Au concentration, prevents the for-
mation of clusters with fully metallic character. As the cluster
starts to grow, a well defined and size-dependent Au–Au inter-
atomic distance is detected; nevertheless during the first steps
of growth (inert annealing), the cluster–matrix interaction
can induce strong structural disorder of the metal–metal
coordination.
Fig. 6 summarizes the proposed nucleation mechanism for
Au clusters in implanted silica. The interaction of the Au clus-
ters with the matrix is clearly favored for small cluster sizes
because of the high fraction of Au atoms at the cluster surface.
Anyway, Au atoms and dimers onto a silica surface are known
to anchor at silica defects.16 As noted above, the experimental
data indicate a cluster–matrix interaction mediated by O
atoms, most likely non-bridging oxygens. Thus it seems
reasonable that, for a definite cluster size, a stronger cluster–
matrix interaction occurs when silica defects are not comple-
tely recovered by annealing. Indeed, this is what we observe for
the samples Au5N600 and Au0.5N800: both exhibit Au clusters
of about the same size (≈15 atoms), but only in the sample
annealed at lower temperature (Au5N620) the Au–O coordi-
nation is detected by EXAFS. So, a highly defective silica
matrix seems to favor the Au–O covalent interaction. During
annealing at 600 °C and higher temperatures the silica starts
to recover from defects and the Au–O coordination progress-
ively vanishes. This picture is consistent with the photo-
luminescence results on the same samples11 or on ultrasmall
capped Au clusters,45 as well as with the general structure of
thiol-capped Aun clusters.
30
4. Conclusions
The very early steps of Au metal cluster formation in Er-doped
silica have been investigated by high resolution fluorescence
detected X-ray absorption spectroscopy. A combined EXAFS
and HERFD-XANES analysis shows that Au cluster nucleation
occurs upon ion implantation starting from a few Au and O
atoms covalently interconnected, in the presence of embryonic
Au–Au correlation for the lowest investigated Au concen-
trations. The first Au clusters characterized by a well defined
Au–Au coordination distance form upon 400 °C inert anneal-
ing, allowing us to estimate that the Gibbs free energy for this
heterogeneous nucleation is not higher than 0.06 eV per atom.
This value, much lower than for the homogeneous Au nuclea-
tion, suggests that the cluster nucleation is assisted by matrix
defects, most likely non-bridging oxygen atoms. The formed
subnanometer Au clusters can be sketched as an eﬀective
core–shell system in which the Au atoms of the ‘core’ develop
a metallic character, whereas the Au atoms in the ‘shell’ can
retain a partially covalent bond with O atoms of the silica
matrix. High structural disorder at the Au site is found upon
neutral annealing at a moderate temperature (600 °C), likely
driven by the configurational disorder of the defective silica
matrix that favors the formation of a variety of cluster struc-
tural configurations. A suitable choice of the Au concentration
and annealing temperature allows tailoring of the Au cluster
size in the sub-nanometer range (i.e., from 3–4 atoms per
cluster to about 1 nm cluster). The interaction of the Au
cluster surface with the surrounding silica matrix is likely
responsible for the infrared luminescence previously reported
on the same systems.
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Fig. 6 Sketch of the proposed nucleation process of Au clusters
(yellow circle) in silica: Au–O coordination (blue shell) is favored for a
small cluster size and low annealing temperature. A thicker shell indi-
cates a higher Au–O coordination at the cluster surface.
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